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Abstract
Resonant enhancement of spin Seebeck effect (SSE) due to phonons was recently discovered
in Y3Fe5O12 (YIG). This effect is explained by hybridization between the magnon and phonon
dispersions. However, this effect was observed at low temperatures and high magnetic fields,
limiting the scope for applications. Here we report observation of phonon-resonant enhancement of
SSE at room temperature and low magnetic field. We observed in Lu2BiFe4GaO12 an enhancement
700 % greater than that in a YIG film and at very low magnetic fields around 10−1 T, almost
one order of magnitude lower than that of YIG. The result can be explained by the change in the
magnon dispersion induced by magnetic compensation due to the presence of non-magnetic ion
substitutions. Our study provides a way to tune the magnon response in a crystal by chemical
doping with potential applications for spintronic devices.
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Heat is an ubiquitous and highly underexploited energy source, with about two-thirds
of the used energy being lost as wasted heat1, thus representing an opportunity for ther-
moelectric conversion devices2. Recently, a new thermoelectric conversion mechanism has
emerged: the spin Seebeck effect (SSE)3,4, driven by thermally induced magnetization dy-
namics in magnetic materials, which generates a spin current. The spin current is then
injected into an adjacent metal layer, where it is converted into an electric current by the
inverse spin Hall effect5,6.
Lately, it has been shown that the magnetoelastic coupling can improve the conversion ef-
ficiency of SSE, as demonstrated by the observation of a resonant enhancement of the SSE
voltage in YIG films7,8. The observed SSE enhancement has been explained by the magnon-
phonon hybridization at the crossing points of the magnon and phonon dispersions due to
momentum (k) and energy (h¯ω) matching, at certain magnetic field values the dispersions
tangentially touch each other and the magnon-phonon hybridization effects are maximised
[see Figure 1(a)], resulting in peak structures due to the reinforcement of the magnon lifetime
affected by the phonons. However, this effect has only been observed at low temperatures
and high magnetic fields7–14.
Engineering the magnon dispersion offers the possibility to tune the magnetic field at which
the magnon-phonon hybridization effects are maximised, one possible approach is modifica-
tion of the magnetic compensation of a ferrimagnet15,16: intuitively, it can be expected that
as the magnetic compensation of the system is introduced, the magnon dispersion gradually
evolves from a parabolic k-dependence in the non-compensated state (similar to a ferro-
magnet) towards a linear dispersion when the system becomes fully compensated (i.e. zero
net magnetization, antiferromagnetic case), schematically shown in figure 1(b). Ideally, in
the antiferromagnetic state in which spin-wave velocity is same as the sound velocity the
magnon-phonon coupling effects can be maximised even further as a consequence of poten-
tially larger overlap between the magnon and phonon dispersions, however this is yet to be
experimentally observed.
Here, in order to investigate the influence of increased magnetic compensation on the
magnon-phonon coupling effects, we use a Lu2BiFe4GaO12 (BiGa:LuIG) film as a model
system and study the magnetic field and temperature dependences of the SSE. This system
is a garnet ferrite, similar to YIG: it has two magnetic sublattices, where all the ions carrying
spin angular momentum are Fe3+. The ferrimagnetic order originates from the different site
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occupation between the two different magnetic sublattices, with the 3:2 ratio of tetrahedral
(d) to octahedral (a) sites, resulting in non-zero magnetization. Substitution of Fe with Ga
reinforces the magnetic compensation of the system due to the preferential occupation of
the tetrahedral sites by the Ga ions17, resulting in the reduction of the magnetic moment
and ordering temperature (see methods). The use of BiGa:LuIG film allows systematic
evaluation of spin wave dispersion using magneto-optical spectroscopy18,19.
I. RESULTS
Room temperature resonant enhancement of the SSE. We performed SSE mea-
surements in the longitudinal SSE configuration, as schematically depicted in Fig. 2a. The
magnetic-field dependence of the SSE voltage measured at 300 K is shown in Fig. 2b. We
observed clear peaks in the voltage at magnetic field values of µ0HTA ∼ 0.42 T and µ0HLA ∼
1.86 T, as shown in the data blown ups in Fig.2c and Fig.2d. These correspond to the hy-
bridization of the magnons with the transversal acoustic (TA) and longitudinal acoustic
(LA) phonons, respectively. The observation of the clear enhancement of the SSE voltage at
room temperature is in a stark contrast to previous observations of the magnon-polaron SSE
in YIG and other ferrite systems7,9–11,13. In fact, the observed enhancement in BiGa:LuIG
is about 700% greater than that observed in a YIG film at room temperature (see Fig. 2e).
Moreover, the features of the resonant SSE enhancement are already present at very low
field values, as visible in the inset of Fig. 2b, where we can see a larger background SSE
signal for H < HTA.
Let us consider possible reasons for the observation of clear magnon-polaron SSE peaks
at room temperature. The energy transfer between phonon (heat) and spin system via
magnon-phonon coupling is resonantly enhanced at the crossing of the magnon and phonon
dispersion relations. In the theory of the magnon-polaron SSE8, the peaks in the voltage
are understood in terms of increased magnon-phonon hybridization at the magnetic field
values where the magnon and phonon dispersions just tangentially touch each other. At
these positions the overlap over momentum space between the magnon and the TA or LA
phonon dispersions is maximised. This results in a resonant enhancement of the SSE when
the acoustic quality of the crystal is larger than its magnetic quality, with the enhancement
proportional to the ratio η = |τph/τmag| > 1, where τmag and τph are the values of magnon
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and phonon lifetime7,8, respectively. In the case of a crystal having a better magnetic than
acoustic quality (η < 1), dip structures instead of peaks in the SSE voltage are expected8.
Therefore, according to the picture above, there is two possible scenarios to explain the
larger magnon-polaron SSE peaks observed at room temperature: (1) an increased overlap
over k-space at the touching fields (HTA, LA) or (2) a larger ratio between the magnetic
and acoustic quality of the crystal (η  1). The first scenario can be discarded in our
system, since the effect of larger magnetic compensation increases the curvature of the
magnon dispersion (obtained in the next section), which results in a rather reduced overlap
between the magnon-phonon dispersions at the touching points (see Supplementary Note
3). Then we must look at the scenario (2): it has been shown that the Bi substitution
results in a decrease in the magnon lifetime in YIG20. As a consequence, the larger ratio
between the impurity scattering potentials, or η, can be expected, and therefore a greater
enhancement of the lifetime of magnons by hybridization with the phonons at the touching
points, resulting in a greater SSE enhancement. Detailed knowledge of the magnon and
phonon lifetimes, τmag, ph, is required in order to quantitatively discuss the magnitude of the
resonant enhancement of the SSE.
We will now centre the rest of our discussion mainly on the magnetic field dependence of
the magnon-polaron peaks and its relation to the dispersion characteristics. Let us now
try to understand the magnitude of the magnetic fields required for the observation of the
SSE peaks by considering the magnon and phonon dispersions. First, we consider linear
TA and LA phonon dispersions ωp = cTA, LAk, where the phonon velocities of the sample
have been determined using optical spectroscopy18, obtaining: cTA = 2.9 ×103 ms−1 and
cLA =6.2 ×103 ms−1 for TA and LA modes, respectively. If we now assume the conventional
magnon dispersion for a simple ferromagnet: ωm = γµ0H + Dexk
2, as previously used for
YIG7, we can never explain the observed results without assuming an exceedingly large spin
wave stiffness parameter, with a value about four times higher than previously reported for
YIG (Dex = 7.7 × 10−6 m2s−1)7,21,22 and LuIG23. Even if we take into account the effect of
Bi-doping, this can only explain a 1.4 times increase of the spin wave stiffness magnitude,
as shown in previous reports for similar Bi-doping in YIG20. Moreover, if we consider the
expression of the spin wave stiffness for a ferromagnet Dex ∝ JSa2 (here J corresponds
to the exchange constant, S the spin of the magnetic atoms and a the distance between
neighboring spins), this estimation would imply an increased magnitude of J despite the
4
presence of non-magnetic ion substitutions, contrary to expectations. This shows that the
magnon dispersion of simple ferromagnets cannot capture the microscopic features of our
system, therefore in the following we will focus our attention on the ferrimagnetic ordering:
effects of the Ga-doping on the magnetic compensation, and its impact on the magnon
dispersion characteristics of our system.
Magnon dispersion: theoretical model and experimental determination. We
will now discuss the magnon dispersion characteristics of a ferrimagnetic material as a func-
tion of the degree of magnetic compensation. As previously explained, the ferrimagnetic
order in iron garnet systems typically arises from the different Fe3+ occupation between the
two magnetic sublattices, with the 3 to 2 ratio of tetrahedral (d) to octahedral (a) sites,
as shown in Fig. 1b. Therefore, the degree of magnetic compensation can be modified
by substitution of the magnetic Fe3+ ions in the tetrahedral sites by non-magnetic ones
(i.e. Ga). To describe this effect, we consider the conventional Heisenberg Hamiltonian
for a ferrimagnetic system15,24, and express it as a function of the occupation numbers in
the d and a sites. The expression of the Hamiltonian with the exchange and the Zeeman
interaction terms is given below, where we have neglected dipolar and magnetic anisotropy
interactions for simplicity:
H =
Jad
h¯2
Na∑
i,δ
Sa,iSd,i+δ − γµ0H
Na∑
i
Sza,i
+
Jad
h¯2
Nd∑
j,δ
Sa,j+δSd,j − γµ0H
Nd∑
j
Szd,j. (1)
Here, the upper (lower) part of the Hamiltonian accounts for the octrahedral (tetrahedral)
sites, with Na (Nd) magnetic ions per unit volume. Jad is the nearest-neighbour inter-
sublattice exchange (positive in the above expression), δ represents a vector connecting the
nearest-neighbour a-d sites, Sx (x = a, d) are the spin operators (for a, d sites), µ0H is the
external magnetic field, and γ = gµB/h¯ is the gyromagnetic ratio, with g the spectroscopic
splitting factor, µB the Bohr magneton, h¯ the reduced Planck constant. Then, using the
standard Holstein-Primakoff approximation24,25, we can obtain the magnon dispersion rela-
tion as a function of the ratio of Fe3+ ions occupying a and d sites (see Supplementary Note
5
1 for details of the derivation):
ωm = γµ0H +
JadS(zdaµ+ zadλ)
2h¯
−
(
µ− λ
λµ
)
±
[(
µ− λ
λµ
)2
+
4k2a2
3λµ
]1/2 , (2)
where S = 5/2 for Fe3+, a is the nearest-neighbor a-d distance, zad (zda) and λ = Na/N
(µ = Nd/N) correspond to the number of nearest-neighbours and occupation ratio of mag-
netic ions in octahedral (tetrahedral) sites, respectively. Where N is the total number of
magnetic Fe3+ ions per unit volume. Using the above expression we calculate the magnon
dispersion in the two sublattice ferrimagnet: Lu2Bi[AxFe2−x](DyFe3−y)O12, where A (D) de-
notes the non-magnetic ions in octahedral (tetrahedral) sites with concentrations x (y), the
occupation ratio of the a (d) sites can be expressed as a function of x (y) as: λ = 0.4
(
2−x
2
)
(µ = 0.6
(
3−y
3
)
)26. Equation 2 can explain the magnetic field values of previously observed
magnon-polaron SSE in YIG7 with x = y = 0 (no substitutions). Comparing our model
with magnon-polaron SSE measurements in YIG at room temperature10, we estimated the
value of the exchange constant at 300 K, obtaining Jad = (4.3 ± 0.2) × 10−22 J (see Sup-
plementary Note 2), which shows reasonable agreement with recently reported values by
neutron scattering measurements (Jad = 4.65× 10−22 J)27.
We now evaluate the effect of the non-magnetic ion substitutions on the magnon spectrum,
we can see that as the magnetic compensation of the system increases (larger y) the dis-
persion becomes gradually steeper (see Fig. 3a), with higher magnon frequencies for the
same wave-vector values. When the system is fully compensated (x = 0, y = 1) a linear
dispersion is obtained, as expected for an antiferromagnetic system.
To further test the validity of our model, we also performed wave-vector-resolved Brillouin
light scattering (BLS) spectroscopy measurements19,28,29 to obtain the spin wave dispersion
relation of our system and compare it with our model. As shown in Fig. 3b, the peak
frequency in BLS spectra for different wavenumbers measured at µ0H = 0.18 T can be
explained with the calculated magnon dispersion using x = 0.101 and y = 0.909. This com-
position is in close agreement with the one estimated by x-ray spectroscopy (see Methods).
This result further proves the good agreement between the experiment and the theoretical
model. Note that the small deviation of BLS plots at small k region is due to dipole-dipole
interaction, which is not considered in our model.
Now we are in a position to look into the magnetic field dependence of the SSE voltage and
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the conditions for the observation of magnon-polaron in our system. The low magnetic field
value for the observation of the magnon polaron SSE is attributed to an increased magnetic
compensation which makes the magnon dispersion steeper compared to the non-doped case.
This results in the touching condition for the magnon and phonon dispersions at lower
magnetic fields than that of YIG. Figures 3c and 3d show the comparison of the magnon
and phonon dispersions with the above estimated composition at the magnetic fields HTA
and HLA for which the SSE peaks are observed. In Fig. 3c, we can distinguish three
different regions of the SSE response with respect to the magnitude of the magnetic field:
for H < HTA the SSE has both magnonic and phononic contributions (possibly from the
crossing points of the dispersions), at H = HTA the SSE is resonantly enhanced showing
peak structures, due to the increased effect of magnon-phonon hybridization at the touching
condition between the dispersions and at H > HTA, a shift of the SSE voltage background
signal can be observed, which is likely due to the fact that the magnon and TA-phonon
dispersions do not cross at any point of the ω − k space and the contribution from the TA
phonons is suppressed. The presence of this shift in the SSE voltage indicates that the
contribution from magnon-phonon coupling effects can be already sensed at magnetic fields
values much lower than that of the touching condition (see inset of Fig. 2b).
Temperature dependence. Let us now investigate the temperature dependence of the
magnon-polaron SSE. Magnetization measurements as a function of temperature show that
the increased magnetic compensation, due to the presence of Ga substitution, results in the
reduction of the saturation magnetization and ferrimagnetic ordering temperature (Tc) in
LuIG with Tc = 401.6 ± 0.2 K (see Fig.4b). Figure 4a shows the result of the magnetic-
field dependent SSE voltages at different temperatures, we can see that the magnitude of
the SSE decreases close to the transition temperature as previously reported on YIG30, and
eventually, at T ≈ 400 K, the magnon-driven SSE is suppressed, showing only a weak voltage
with a paramagnetic-like magnetic field dependence. The magnon-polaron SSE is gradually
weakened as the temperature increases toward the transition temperature. The peaks are
strongly suppressed at temperatures well below the transition temperature (the maximum
temperature for observation of the peaks is T = 380 K for TA and T = 315 K for LA
phonon). Here, we will now focus on the temperature dependence of the magnetic field at
which the magnon-polaron peaks are observed, which is shown in Fig. 4c: we can see that the
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magnitude of the magnetic fields required for the magnon-polaron to appear increase with the
temperature. This trend can be understood by the softening of the magnon dispersion upon
increasing temperature; in the previously obtained magnon dispersion (Eq. 2), most of the
parameters are temperature independent except for the intersite exchange energy Jad. The
observed temperature dependence of the magnon polaron magnetic field can be explained
in terms of the magnitude of Jad which decreases around the transition temperature, in
agreement with the previous observations in YIG and other ferrimagnets31–33.
The temperature dependence of Jad estimated from the touching condition between magnon
and phonon dispersions is shown in Fig. 4d, the obtained dependence can be understood in
terms of a temperature dependent exchange energy, with an expression similar to that used
in Ref. 38: Jad = J0(1− ηT 5/2), with J0 = (6.41± 0.05)× 10−22 J, which is obtained from
considering the effect of magnon-magnon interactions in a ferromagnet34. These results
possibly suggest that the magnon-magnon interactions might play a role in the magnon-
polaron SSE in the temperature region studied here.
II. DISCUSSION.
In this study, we reported the resonant enhancement of SSE in a partially compensated
ferrimagnet. Sharp peaks were observed in SSE voltage at room temperature and low mag-
netic fields. The resonant enhancement of SSE is 700 % greater than that observed in YIG
films, atributable to reduced magnon lifetime of BiGa:LuIG in comparison to YIG, which
results in larger reinforcement of the magnon lifetimes affected by the phonon system via
the hybridization.
The observed resonant enhancement of SSE at low magnetic fields is attributable to steeper
magnon dispersion caused by the increased magnetic compensation of the system. Our
results show the possibility to tune the spin wave dispersion by chemical doping, which
allows exploring magnon-phonon coupling effects at different regions of the spin-wave spec-
trum. The value of the intersite exchange parameter (Jad) was also estimated with values in
reasonable agreement with previous studies. This fact shows the potential of the SSE as a
table-top tool to investigate the spin wave dispersion characteristics in comparison to other
more expensive and less accessible techniques, such as inelastic neutron scattering9,35.
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III. METHODS
A. Sample
We used epitaxial Lu2BiFe4GaO12(3 µm) and YIG(2.5 µm) films grown by liquid phase
epitaxy on Gd3Ga5O12 [001] and [111]-oriented substrates, respectively. The composition
of the Lu2BiFe4GaO12 film was determined using wavelength dispersive x-ray spectroscopy
(WDX). Magnetization measurements show a saturation magnetization µ0MS = 0.024 T at
300 K and a transition temperature of TC ≈ 402 K. A 5 nm Pt layer was deposited at room
temperature by (DC) magnetron sputtering in a sputtering system QAM4 from ULVAC,
with a base pressure of 10−5 Pa. The sample dimensions for the SSE measurements were
Ly = 6 mm, Lx = 2 mm and Lz = 0.5 mm.
B. Measurements
The SSE measurements were performed in a physical property measurement (PPMS)
Dynacool system of Quantum Design, Inc., equipped with a superconducting magnet with
fields of up to 9 Tesla. The system allows for temperature dependent measurements from 2
to 400 K. For the SSE measurements the sample is placed between two plates made of AlN
(good thermal conductor and electrical insulator): a resistive heater is attached to the upper
plate and the lower plate is in direct contact with the thermal link of the cryostat, providing
the heat sink. The temperature gradient is generated by applying an electric current to the
heater, while the temperature difference between the upper and lower plate is monitored by
two E-type thermocouples connected differentially. The samples are contacted by Au wire
of 25 µm diammeter. To minimize thermal losses, the wires are thermally anchored to the
sample holder. The thermoelectric voltage is monitored with a Keithley 2182A nanovolt-
meter.
The magnetization measurements were performed using the VSM option of a PPMS system
by Quantum Design, Inc, the temperature dependent magnetization measurements were
obtained by performing isothermal M-H loops at each temperature and extracting the sat-
uration magnetization value for each of the temperatures.
The Brillouin light scattering (BLS) measurements were performed using an angle-resolved
Brillouin light scattering setup. Brillouin light scattering is an inelastic scattering of light
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due to magnons. As a result, some portion of the scattered light shifts in the frequency
equivalent to that of magnon. The scattered light is introduced to multi-pass tandem Fabry-
Perot interferometer to determine the frequency shift. Wavenumber resolution was realized
by collecting the back-scattered light from the sample by changing the incident angle (θin).
As a result of conservation of wavenumber of magnon (km) and light (kl), the wavenum-
ber of magnon is determined as km = 2klsin(θin). All the spectrum was obtained at room
temperature.
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FIG. 1. Lattice and spin waves in a magnetic material. (a) Schematic representation
of a propagating phonon (lattice) and magnon (spin) excitation in a magnetic medium. Magnon-
polarons are formed due to magnon-phonon hybridization when the magnon and phonon dispersions
tangentially touch each other (i.e. they have coincident wavevector kmagnon = kphonon, and group
velocity ∂ω∂k |magnon = ∂ω∂k |phonon), as schematically depicted by the dispersion relation shown in the
inset of (a) representing the magnon dispersion (blue curve) and phonon dispersions (dashed line)
under an applied magnetic field with magnitude HTA, in this condition a resonant enhancement
of the SSE can be observed. (b) Schematic representation of the effect of magnetic compensa-
tion on the magnon dispersion of a ferrimagnetic system: a parabolic dispersion is expected when
the system is non-magnetically compensated with non-zero magnetization (black curve), and as
the magnetic compensation increases the magnon dispersion gradually evolves towards a linear
dependence when the system reaches magnetic compensation (antiferromagnet). This can be ex-
perimentally achieved by introduction of non-magnetic ion substitutions into the lattice as shown
in the bottom part of (b). Red and blue circles represent magnetic ions in two magnetic sublattices
with oppositely oriented spins and the orange circle represents the non-magnetic ion substitution.
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FIG. 2. Spin Seebeck effect measurement and magnon-polaron peaks in Ga-doped
garnet system (a) Schematic of the SSE and ISHE mechanism and measurement geometry. (b)
Magnetic field dependence of the SSE thermopower measured at T = 300 K in a (Lu2Bi)Fe4GaO12
(BiGa:LuIG) film (normalized by the sample geometry: Ey/∇T = S = (V/∆T )(Lz/Ly)). Inset
shows detail of the SSE in the 0 < µ0H < 0.7 T range, showing that the signal increase due
to magnon-phonon hybridization is already present at very small fields. c, d Detail of the SSE
signal in the vicinity of magnetic fields µ0HTA = 0.42 T and µ0HLA = 1.86 T, depicting the
resonant enhancement of the SSE voltage, resulting from the magnon and phonon hybridization at
the magnetic fields when the magnon dispersion just tangentially touches the transversal acoustic
(TA) (c) and the longitudinal acoustic (LA) (d) phonon dispersions, respectively. (e) Comparison
of the resonant enhancement of the SSE centred around the peak position (HTA) for YIG and
BiGa:LuIG at 300 K (the enhancement at the peak position is estimated as: δS/S0, where S0 is
the extrapolated background SSE coefficient at the peak position and δS = S(HTA)− S0).
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FIG. 3. Effect of magnetic compensation on the spin wave dispersion (a) Results of
the magnon dispersion calculated using our model for different concentrations of non-magnetic ion
substitutions (x, y), illustrating the effect of magnetic compensation in a ferrimagnetic system.
A 90 % preferential tetrahedral site occupation by Ga ions is assumed according to previous
reports.36,37 (b) Comparison between the magnon dispersion measured experimentally by Brillouin
light scattering and the theoretical dispersion for a ferrimagnet with non-magnetic ion substitution
of x = 0.101 (octahedral site occupation) and y = 0.909 (tetrahedral site occupation) (theoretical
dispersion is vertically shifted to account for demagnetizing and anisotropy field contributions).
(c, d) Magnon and phonon dispersions at magnetic fields of µ0H = 0.42 T and µ0H = 1.86 T
depicting the condition for the observation of magnon-polaron SSE enhancement by hybridization
of magnon with TA (c) and LA (d) phonons in our system (insets show detail of the measured
SSE voltage enhancement at the peak positions). In (c) the magnon dispersion for three different
field values, corresponding to the arrows in the inset, is shown.
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FIG. 4. Temperature dependent magnetization and heat-driven spin transport prop-
erties of BiGa:LuIG film (a) Magnetic field dependence of the measured spin Seebeck voltage
at different temperatures (b) Saturation magnetization (µ0MS) as a function of temperature. Red
line shows fitting to µ0MS ∝ (Tc−T )β, with Tc = 401.6±0.2 K and β = 0.305±0.007. (c) Temper-
ature dependence of the magnetic field magnitude for the observation of the magnon-polaron SSE,
HTA (black squares) and HLA (red circles) (lines interconnecting experimental points are for visual
guide). (d) Temperature dependence of the intersite exchange integral (Jad) estimated from the
condition for tangential touching of the magnon and phonon dispersions at different temperatures.
Red line shows fitting to Jad = J0(1− ηT 5/2), with J0 = (6.41± 0.05)× 10−22 J.
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